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HIGHLIGHTS 


GRAPHICAL  ABSTRACT 


•  A  portable  power-pack  fueled  by 
ammonia  borane  (AB)  was  newly 
designed  to  power  an  unmanned 
aerial  vehicle  (UAV). 

•  The  power-pack  was  demonstrated 
to  drive  a  UAV  for  57  min  with  fast 
load-following  ability  and  rapid 
response  time. 

•  In  situ  monitoring  system  was  intro¬ 
duced  to  determine  the  filter  capacity 
of  hydrogen  purification  equipment. 
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An  advanced  ammonia  borane  (AB)-based  H2  power-pack  is  designed  to  continually  drive  an  unmanned 
aerial  vehicle  (UAV)  for  57  min  using  a  200-We  polymer  electrolyte  membrane  fuel  cell  (PEMFC).  In  a 
flight  test  with  the  UAV  platform  integrated  with  the  developed  power-pack,  pure  hydrogen  with  an 
average  flow  rate  of  3.8  L(H2)  min-1  is  generated  by  autothermal  H2-release  from  AB  with  tetraethylene 
glycol  dimethylether  (T4EGDE)  as  a  promoter.  During  take-off,  a  hybridized  power  management  system 
(PMS)  consisting  of  the  fuel  cell  and  an  auxiliary  lithium-ion  battery  supplies  500  We  at  full  power 
simultaneously,  while  the  fuel  cell  alone  provides  150—200  We  and  further  recharges  the  auxiliary 
battery  upon  cruising.  Gaseous  byproducts  identified  by  in  situ  Fourier  transform  infrared  (FT-IR) 
spectroscopy  during  AB  dehydrogenation  are  sequestrated  using  a  mixed  absorbent  in  an  H2  purification 
system.  In  addition,  a  real-time  monitoring  system  is  employed  to  determine  the  remaining  filter  ca¬ 
pacity  of  the  purifier  at  a  ground  control  system  for  rapidly  responding  unpredictable  circumstances 
during  flight.  Separate  experiments  are  conducted  to  screen  potential  materials  and  methods  for 
enhancing  filter  capacity  in  the  current  H2  refining  system.  A  prospective  reactor  concept  for  long-term 
fuel  cell  applications  is  proposed  based  on  the  results. 

Crown  Copyright  ©  2013  Published  by  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 
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Ammonia  borane  (NH3BH3,  AB)  is  a  promising  hydrogen  storage 
material  that  has  been  extensively  studied  as  a  potential  fuel  to 
replace  oil  for  transportation  applications  in  the  last  decade  due  to 
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its  reasonable  stability  under  ambient  conditions,  high  hydrogen 
storage  capacity  (19.6  wt%),  and  potential  regenerability.  The  AB 
fuel  can  release  hydrogen  on  demand  via  hydrolysis  [1  ],  alcoholysis 
[2],  or  thermolysis  3].  The  thermally  induced  dehydrogenation  of 
AB  at  <250  °C  proved  capable  of  enabling  the  generation  of  suffi¬ 
cient  quantities  of  hydrogen  with  high  H2  storage  density  (mate- 
rial-based,  >13  wt%).  The  hydrogen  production  via  AB  thermolysis 
is  thus  of  particular  interest  for  long-term  applications. 

For  this  method  to  be  useful  for  desired  purposes,  the  sluggish 
kinetics  for  AB  dehydrogenation  need  to  be  improved.  In  this 
context,  a  number  of  approaches  for  enhancing  the  slow  rate  of  AB 
dehydrogenation  have  been  proposed.  For  example,  transition- 
metal-based  catalysts  including  Rh  [4],  Ir  [5],  Ru  [6],  Ni  [7],  and 
Fe  [8]  were  utilized  to  accelerate  the  rates  of  FI2  release.  Various 
types  of  chemical  promoters  such  as  proton  sponge  [9],  ionic  liquids 
[10,11],  Lewis  and  Bronsted  acids  [12],  mesoporous  silica  [3  ,  dia- 
mmoniate  of  diborane  (DADB)  [13],  and  activated  boron  nitride  [14] 
were  also  demonstrated  as  efficient  additives  for  promoting  the 
liberation  of  FI2  from  AB.  For  a  continuous  reactor,  a  liquid  AB-based 
fuel  blended  with  an  ionic  liquid  (e.g.,  l-butyl-3-methyl-imidazo- 
lium  chloride,  bmimCl)  was  employed  for  continuous  hydrogen 
production  from  AB  under  mild  conditions  10,11],  which  could 
potentially  satisfy  the  2015  Department  of  Energy  (DOE)  target  of 
5.5  wt%  (system-based)  for  transportation  applications  [15].  The 
ionic  liquids  were  further  suggested  to  play  a  dual  role  as  a  trans¬ 
porting  medium  of  AB  and  as  a  promoting  additive  for  AB  dehy¬ 
drogenation  [11].  Based  on  experimental  and  density  functional 
theory  (DFT)  methods,  a  series  of  polyetheral  promoters  were 
suggested  to  enhance  the  reactivity  of  B-H  bonds  at  AB  through 
intermolecular  hydrogen  bonding  interaction,  which  facilitated  the 
formation  of  DADB,  a  reactive  intermediate,  to  promote  AB  dehy¬ 
drogenation  [11,16].  Another  strategy  recently  proposed  by  Varma 
and  coworkers  [17]  involved  a  non-catalytic  hydrothermal  method 
with  efficient  heat  management,  which  could  produce  a  large 
quantity  of  hydrogen  from  AB  with  a  considerably  high  FI2  storage 
capacity  of  ca.  14  wt%  (materials-based). 

Despite  these  accomplishments,  the  development  of  a  contin¬ 
uous  hydrogen  generator  utilizing  AB  fuel  is  still  challenging  due  to 
the  following  concerns:  (i)  continuous  supply  of  solid  AB,  (ii)  pu¬ 
rification  of  hydrogen  containing  gaseous  byproducts,  and  (iii) 
discharging  of  liquid/solid  spent-fuels  from  a  reactor.  Many  studies 
have  been  conducted  for  the  creation  of  an  AB-based  hydrogen 
generation  system  that  ensures  continuous  feeding  of  AB  as  well  as 
discharging  of  waste  fuels.  For  example,  DOE’s  Hydrogen  Storage 
Engineering  Center  of  Excellence  (HSECoE)  has  been  making  sig¬ 
nificant  efforts  in  relevant  reactor  design  using  the  mixture  of  AB 
with  either  silicon  oil  [18  or  ionic  liquid  [19].  Devarakonda  et  al. 
recently  reported  an  auger  reactor  simulation  using  solid  AB  and  a 
liquid-state  AB  fuel  20,21  ].  A  novel  reactor  fueled  by  AB  beads  with 
a  spinning  wheel  feeding  system  was  also  recently  developed, 
which  demonstrated  capability  to  successively  power  a  200-We 
polymer  electrolyte  fuel  cell  (PEMFC).  In  this  system,  spherical  solid 
AB  beads  were  sequentially  delivered  into  a  semi-batch-type 
reactor  filled  with  tetraethylene  glycol  dimethylether  (T4EGDE),  a 
liquid  promoter  [16,22].  The  T4EGDE  additive  in  the  continuous 
reactor  was  suggested  to  play  roles  in  (i)  accelerating  the  H2-release 
kinetics,  (ii)  suppressing  the  formation  of  scatters/impurities  and 
foaming  upon  dehydrogenation,  and  (iii)  fluidizing  solid  spent- 
fuels  [23].  For  practical  applications,  an  improved  reactor  concept 
was  proposed  by  introducing  H2  purification  equipment  with  high 
filter  capacity  and  an  efficient  drainage  system  for  spent  fuels. 

We  report  here  on  a  portable  hydrogen  power-pack  fueled  by 
solid  AB  pellets,  which  mainly  comprises  an  AB-based  hydrogen 
generator,  a  hybridized  power  management  system  (PMS)  installed 
with  a  200-We  PEMFC,  an  auxiliary  battery,  and  a  control  unit.  The 


performance  of  the  developed  hydrogen  power-pack  was  then 
assessed  by  integration  into  an  unmanned  aerial  vehicle  (UAV) 
platform  under  collaboration  with  the  Korea  Aerospace  Research 
Institute  (KARI).  To  the  best  of  our  knowledge,  no  continuous  AB- 
based  H2  generator  has  previously  been  applied  for  a  practical 
application  to  date.  The  ability  of  the  power-pack  to  continuously 
drive  a  UAV  for  57  min  with  fast  load-following  ability  and  rapid 
response  time  was  verified.  The  fuel  cell  with  the  AB-based  H2 
production  system  was  found  to  provide  supplemental  power  to 
recharge  the  auxiliary  battery  during  operation.  Plausible  strategies 
for  enhancing  the  efficiency  of  the  hydrogen  generator  are  dis¬ 
cussed  based  on  additional  experiments. 

2.  Experimental  setup 

2.1.  Materials 

The  AB  solids  (Aviabor,  98%)  were  pulverized  into  fine  powers  by 
a  commercial  grinder  under  N2  atmosphere,  followed  by  pelletizing 
into  spherical  beads  using  a  manual  dry  pressing  process  [23].  The 
AB  beads  weighed  ca.  0.082  g,  with  a  diameter  of  5.7  mm,  and 
density  of  ca.  0.74  g  cm-3.  Supposing  that  one  AB  bead  releases 
2  equiv.  of  H2,  the  AB  pellet  can  produce  ca.  130  mL  of  H2.  Tetra¬ 
ethylene  glycol  dimethylether  (T4EGDE,  Sigma  Aldrich,  99%)  and 
triethylene  glycol  dimethylether  (T3EGDE,  Sigma  Aldrich,  99%) 
were  employed  without  further  purification  and  stored  under  an 
atmosphere  of  N2  at  room  temperature. 

2.2.  Procedure  for  hydrogen  production  with  the  developed  H2 
generator 

An  AB-powered  continuous  H2  generator  with  fast  dehydroge¬ 
nation  rates  up  to  3.3  L(H2)  min-1  and  fast  load-following  capability 
was  recently  constructed  [23].  Providing  a  continuous  supply  of  the 
AB/T4EGDE  mixtures  (AB:T4EGDE  =  50:50,  wt%)  in  a  liquid  phase 
was  found  to  be  difficult  due  to  the  limited  AB  solubility  towards 
T4EGDE.  In  addition,  since  the  T4EGDE  promoter  was  exuded  upon 
pelletizing  the  mixtures  of  AB  and  T4EGDE,  the  delivery  of  the  AB/ 
T4EGDE  mixtures  in  a  solid  state  was  unsuccessful.  For  these  rea¬ 
sons,  desired  amounts  of  the  liquid  T4EGDE  promoter  (120  g)  were 
pre-loaded  in  a  semi-batch-type  reactor  while  solid  AB  pellets 
(with  a  stored  weight  of  110  g)  were  supplied  into  the  reactor  by 
adjusting  feeding  rates  in  the  range  of  2.46-2.54  g  min-1.  The  AB 
contents  (relative  to  AB  +  T4EGDE)  in  the  reactor  thus  varied  from 
0.0  to  a  maximum  of  48  wt%  as  a  function  of  time.  The  AB  powders 
were  pelletized  into  a  spherical  form,  and  one  AB  bead  had  an 
average  weight  of  0.082  g  (Fig  SI),  which  could  theoretically  pro¬ 
duce  ca.  130  mL(H2)  upon  releasing  2  equiv.  of  H2.  Continuous 
supply  of  the  AB  beads  into  a  semi-batch-type  reactor  was  achieved 
using  a  spinning-wheel-type  conveyer. 

2.3.  Configuration  of  the  developed  fuel  cell  system  for  a  UAV 

The  fuel  cell  power-pack  utilizing  both  AB  beads  and  T4EGDE 
consisted  of  (i)  a  continuous  hydrogen  generator,  (ii)  a  hybridized 
power  management  system  (PMS)  equipped  with  a  commercial 
200-We  PEMFC  stack  (AEROPAK  [24])  as  well  as  an  auxiliary 
lithium-ion  battery  (Kokam),  and  (iii)  control  panels,  as  depicted  in 
Fig.  la.  The  developed  H2  generator  was  also  composed  of  (1)  a 
storage  tank  for  the  AB  beads,  (2)  a  conveying  system,  (3)  a  semi¬ 
batch  reactor,  and  (4)  an  external  H2  purification  system  (Fig.  lb, 
red  box).  This  H2  production  system  has  different  features  from  the 
previous  H2  generator,  in  that  (i)  The  dimensions  of  the  fuel  tank  for 
the  AB  beads  were  expanded  to  increase  the  maximum  storage 
from  80  g  (1000  ea.)  [23]  to  120  g  (ca.  1500  ea.)  of  AB,  (ii)  a  worm- 
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(b) 


AB  bead  storage  tank  H2  generator 

External  purifier  /conveyer  with  a  startup  heater 


(C) 


Fig.  1.  The  AB-based  hydrogen  generator:  (a)  3-D  sketch,  (b)  completely  integrated  AB-based  H2  generator,  and  (c)  the  detailed  3-D  sketch  of  the  subpart  including  AB  bead  storage 
tank,  H2  generator,  and  two  condensers. 


AB  bead 
storage  tank 


Condenser 
with  baffles 


geared  BLDC  motor  (NIDEC  13H220E011;  speed:  6200  rpm;  cur¬ 
rent:  0.15  A;  voltage:  12  V)  was  employed  to  enhance  the  stability  of 
the  current  spinning  wheel  system,  (iii)  the  filter  capacity  of  a  H2 
purification  system  was  improved  by  using  mixed  carbon-based 
absorbents  with  cooling  fans,  (iv)  a  condenser  with  baffles  was 
installed  to  provide  an  elongated  pathway  for  facile  separation  of 
effluents  from  evaporated  T4EGDE  molecules,  and  (v)  a  relief  valve 
was  used  to  maintain  the  internal  pressure  of  the  reactor  with  a 
maximum  pressure  of  150  kPa. 

2.4.  Integration  of  a  UAV  and  a  flight  test 

To  evaluate  the  performance  of  the  developed  fuel  cell  system 
integrated  with  an  AB-based  H2  generator  [25],  this  system  was 
applied  to  a  UAV  (Ucon  System,  RemoEye-006)  that  includes  a 
platform,  sensors,  data  links,  and  ground  control  stations.  The 
detailed  specifications  are  listed  in  Table  1.  The  UAV  can  be  utilized 
for  reconnaissance,  and  has  clear  limitations  in  the  dimensions  and 
weight  for  the  targeted  H2  generator.  In  general,  the  dimensions 
and  weight  of  a  UAV  platform  must  be  minimized  to  maximize 
flight  time  with  high  efficiency.  The  dimensions  of  the  space  for  the 
AB-based  hydrogen  generator  in  the  UAV  fuselage  was  limited  to 
610  mm  x  120  mm  x  120  mm.  The  permissible  weight  for  the  fuel 
cell  system  including  the  AB-based  H2  generator  and  200-We 
PEMFC  stack  is  limited  to  2800  g  in  the  UAV  platform.  Since  the 
weight  of  the  commercial  stack  (AEROPAK  [24])  is  470  g,  the  total 
weight  of  the  H2  generation  system  including  AB  pellets,  T4EGDE, 


and  filter  materials  should  be  lower  than  2330  g.  The  AB-based  H2 
generator  was  designed  to  have  a  weight  of  1706  g.  In  addition,  the 
weights  of  AB  beads  and  the  T4EGDE  promoter  were  limited  to 
110  g  and  120  g,  respectively.  260  g  activated  carbon  materials  (3M 
6001,  6006)  were  employed  as  filtering  absorbents  to  remove  un¬ 
desired  byproducts.  The  detailed  weight  distribution  of  the  fuel  cell 
system  is  listed  in  Table  2. 


Table  1 

Specification  of  the  UAV  platform. 


Item 

Value 

Wing  span 

2.9  m 

Length  overall 

1.8  m 

Max  launching  weight 

7.5  kg 

Payload 

0.3  kg 

Wing  area  (S) 

0.7515  m2 

Aspect  ratio  (AR) 

10.0 

Max  level  speed 

75  kph 

Operation  range 

15  km 

Endurance  with 

1.5  h 

Li-polymer-battery-type 
power  source 

Propulsion 

Electric  motor 

Aviation  type 

Glider  type 

Materials 

Carbon/glass 

Motor  type  and  power 

hybrid  fibers 

Carbon  tube 

Brushless  DC  900  W  (maximum  output) 
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Since  a  UAV  requires  a  large  power  range  and  a  fast  response 
during  take-off,  cruising,  maneuvering,  and  landing,  an  efficient 
power  management  system  (PMS)  is  required  to  respond  to 
unpredicted  circumstances.  For  example,  a  platform  needs  an 
immense  amount  of  power  within  an  instant  period  of  time  during 
take-off.  In  the  present  PMS,  a  fuel  cell  and  an  auxiliary  battery 
were  hybridized  in  parallel.  The  commercial  battery  employed  in 
this  study  has  70  x  34  x  22  mm  in  size  with  a  weight  of  119  g.  The 
capacity  and  voltage  of  the  battery  are  1300  mAh  and  11.1  V, 
respectively.  Two  batteries  were  employed  following  connection  in 
series.  If  the  UAV  platform  is  operated  with  only  the  fully  charged 
auxiliary  battery  (28.8  Wh),  the  flight  time  will  be  limited  to  ca. 
8  min.  The  role  of  the  lithium-polymer  battery  in  the  PMS  is  to 
supply  power  upon  a  sudden  increase  of  load  and  for  emergency 
landings.  Since  the  electric  motor  required  a  total  power  of  500  We 
for  take-off,  both  the  battery  and  fuel  cell  were  simultaneously 
employed  to  supply  a  combined  power  of  500  We.  During  cruising 
and  maneuvering,  the  fuel  cell  provided  a  sufficient  power  of  180— 
200  We  and  also  recharged  the  battery.  This  fuel  cell  system  was 
integrated  into  the  UAV  test  platform,  and  flight  tests  were  con¬ 
ducted  at  the  Goheung  Aviation  Center  at  the  Korea  Aerospace 
Research  Institute. 

2.5.  Characterization  of  effluents  produced  from  the  H2  generator 

Quantitative  and  qualitative  analyses  of  gaseous  byproducts 
during  the  dehydrogenation  of  the  AB  beads  with  T4EGDE  were 
initially  performed  in  situ  using  a  customized  gas  cell  positioned  in 
an  FT-IR  spectrometer  (Nicolet  iSlO,  Thermo  Scientific)  equipped 
with  an  MCT  detector  and  an  FT-IR  spectrometer  (FTIR-7600, 
Lambda)  with  a  DTGS  detector.  Spectral  data  were  collected  using  a 
scan  rate  of  8  scans  cm-1  with  a  resolution  of  4  cm-1.  Gram- 
Schmidt  curves  obtained  by  a  Nicolet  FT-IR  spectrometer  provided 
relative  quantities  of  gases  as  a  function  of  time,  with  a  higher  in¬ 
tensity  indicating  the  formation  of  more  gaseous  byproducts.  In 
conjunction  with  the  FT-IR  spectroscopic  studies,  the  gaseous 
byproducts  trapped  in  T4EGDE  (5  mL)  were  further  analyzed  using 
a  600-MFIz  FT-NMR  spectrometer  (Varian)  calibrated  with  BF30Et2 
(5  =  0.0  ppm)  as  an  external  reference. 

2.6.  Determination  of  the  filter  capacities 

In  a  separate  experiment,  a  reactor  equipped  with  T4EGDE 
(25  g)  was  initially  soaked  in  a  silicon  oil  bath  pre-heated  at  120  °C, 
and  the  AB  pellets  were  then  supplied  into  the  reactor  with  a 
feeding  rate  of  0.18  g  min-1.  Under  these  conditions,  the  rate  of 


Table  2 

Weight  distribution  of  the  H2  power-pack. 


Item 

Weight  (g) 

200  We  fuel  cell  stack 

470 

H2  generation  system 

Case 

348 

Start-up  heater 

225 

Reactor 

436 

Feeder 

166 

Electron  wire 

133 

Board 

41 

Recycling  pump 

53 

Press  pump 

55 

Filter  case 

203 

Paper  filter 

46 

Total 

1706 

Filter  materials 

260 

Fuel  (AB  beads) 

110 

Promoter  (T4EGDE) 

120 

Total 

2666 

hydrogen  production  was  expected  to  be  0.28  L(El2)  min-1.  The 
gaseous  byproducts  produced  from  the  mixture  of  AB  and  T4EGDE 
were  then  delivered  into  a  purification  system  initially  utilizing  a 
number  of  solid  materials  including  commercial  activated  carbon 
filters  (3M):  (1)  3M  6006,  (2)  3M  6004,  (3)  3M  6001,  (4)  3M 
(6001  +  6006),  (5)  a  Metal-organic-framework  (MOF),  (6)  a  mixture 
of  3M  6006  and  silica  gel  (Sigma  Aldrich,  Grade  12,  28-200  mesh), 
(7)  carbon  paper,  (8)  grinded  3M  6006  (pulverized  activated  carbon 
with  average  particle  sizes  of  0.3  mm),  (9)  a  mixture  of  3M  6001 
and  6006  with  cooling,  and  (10)  a  mixture  of  pre-dried  3M  6001 
and  6006  with  cooling.  In  the  case  of  the  utilization  of  the  T4EGDE 
trap,  the  produced  gases  were  designed  to  be  bubbled  through  a 
pipe  with  an  inner  diameter  of  either  1.6  mm  or  0.6  mm  (Fig.  S2). 
The  carbon  trap  was  filled  with  5  g  of  the  mixture  of  3M  6001  and 
6006  (50:50,  wt%),  and  changes  in  temperatures  at  three  different 
points  (Tl,  T2,  and  T3)  were  monitored  using  an  electric  tempera¬ 
ture  controller  (Hanyoung,  NX4).  The  temperatures  Tl,  T2,  and  T3 
determined  the  temperatures  of  gases,  the  gas-absorbent  inter¬ 
face,  and  the  absorbents,  respectively  (Fig.  S2).  The  effluents 
following  the  sequestration  of  the  produced  gaseous  molecules 
were  further  monitored  in  situ  by  an  FT-IR  spectrometer. 

The  UAV  platform  employed  only  the  mixtures  of  activated 
carbon-based  absorbents  (3M  6001  and  6006)  to  remove  undesired 
byproducts.  To  monitor  the  filter  capacity  as  a  function  of  time 
during  flight,  the  temperatures  at  three  different  points  (Fig.  S3) 
were  also  measured:  (i)  at  the  exterior  of  the  reactor  (Tl),  (ii)  the 
exterior  of  the  reactor  (T2),  and  (iii)  the  middle  of  the  filter  mate¬ 
rials  (T3).  The  filter  capacity  (FC)  was  calculated  using  the  following 
formula:  FC  (gAB  gtrlp)  =  weight  of  ammonia  borane  used/weight  of 
filter  employed.  A  filter  capacity  of  1  gAB  gtrlp  indicates  that  1  g  of 
the  filter  material  can  sequester  gas  byproducts  produced  from  1  g 
of  AB  upon  thermolysis. 

3.  Results  and  discussion 

3.1.  Integration  of  an  improved  AB-based  hydrogen  generator 

Sneddon  and  coworkers  demonstrated  thermally  induced 
dehydrogenation  from  a  mixture  of  AB  and  T4EGDE  (50:50,  wt%) 
at  85  °C  as  an  efficient  method  for  hydrogen  production  [26]. 
Likewise,  H2-release  properties  were  recently  shown  with  mix¬ 
tures  of  AB  and  a  series  of  polyethers  (CEl30-(CH2CH2)n-OCH3, 
n  =  1-4)  with  a  weight  ratio  of  AB:polyether  =  70:30  at  >85  °C. 
In  addition,  based  on  both  experiments  and  DFT  calculations,  it 
was  proposed  that  electron  transfer  from  a  polyether  into  AB  via 
hydrogen  bonding  interaction  could  increase  the  hydricity  of  B- 
EI  at  AB,  ultimately  enhancing  the  rate  of  El2-release  from  AB  16]. 
Notably,  the  dehydrogenation  kinetics  was  retarded  at  extremely 
low  AB  content  (<5  wt%  with  respect  to  AB  +  polyether)  pre¬ 
sumably  because  the  excess  of  a  polyether  hindered  intermo- 
lecular  interaction  between  ABs  [16].  An  AB-based  hydrogen 
generator  was  developed  utilizing  T4EGDE  to  demonstrate  its 
capability  to  continuously  generate  H2,  powering  a  200-We 
PEMFC  stack  for  25  min  [23].  This  H2  generator  was  operated 
autothermally  without  an  external  heater  by  recycling  waste  heat 
produced  during  AB  dehydrogenation.  Upon  AB  feeding  with  a 
rate  of  2.2  g  min-1,  the  H2  production  system  released  H2  with  a 
rate  of  3.3  L  min-1  along  with  a  heat  of  44  W,  which  increased 
the  reactor  temperature  from  120  °C  to  160  °C.  The  increased 
temperature  of  >145  °C,  however,  could  cause  the  formation  of 
significant  quantities  of  gases  (e.g.,  borazine,  B3N3H6)  that  are 
detrimental  to  a  PEMFC  stack,  thus  requiring  increased  amounts 
of  filter  materials.  In  addition,  substantial  quantities  of  cross- 
linked  byproducts  such  as  polyaminoborane  (PAB),  poly- 
iminoborane  (PIB),  and  polyborazylene  would  be  formed  as 
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liquid/solid  spent-fuels  at  high  temperatures  [27],  which  may 
lead  to  significant  problems  upon  discharging  the  spent-fuels.  To 
apply  this  previously  developed  AB-based  power  pack  for  long¬ 
term  applications,  the  filter  capacity  needs  to  be  maximized 
along  with  enhancement  of  the  fluidity  of  the  spent-fuels. 

Building  upon  the  issues  raised  in  previous  studies,  the  perfor¬ 
mance  of  the  former  AB-based  continuous  H2  generator  was 
improved  for  practical  applications,  primarily  by  (i)  reducing  the 
weight  of  a  semi-batch-type  H2  generator  equipped  with  a  start-up 
heater  for  the  heat  generation  of  80  W,  (ii)  increasing  the  storage 
capacity  of  an  AB  bead  tank,  and  (iii)  enhancing  the  capacity  of  an 
external  purifier  using  two  different  types  of  commercial  3M  ab¬ 
sorbents,  as  depicted  in  Fig.  1.  In  addition,  two  condensers  with 
baffles  were  further  introduced  to  separate  gases  (H2  +  other 
gaseous  byproducts)  with  vaporized  T4EGDE,  which  helped  pre¬ 
vent  clogging  inside  the  narrow  gas  tube  potentially  induced  by 
byproducts  condensation  (Fig.  lc).  By  addressing  these  issues,  an 
advanced  AB-based  H2  generator  was  created  using  T4EGDE  as  a 
promoter  that  was  further  integrated  with  a  200-We  PEMFC  stack. 
The  capability  of  the  resulting  power-pack  to  power  an  UAV  was 
then  demonstrated. 


and  the  purging  valve  was  opened  and  closed  periodically  to 
prevent  water  flooding.  The  power  density  of  the  PEMFC  stack 
was  463  W  kg-1,  which  is  high  enough  for  use  as  a  power  source 
in  the  UAV. 

Fig.  3  shows  the  I—V  performance  curve  of  the  developed  PEMFC 
stack.  High-purity  hydrogen  gas  was  used,  with  the  supply  pressure 
being  fixed  at  150  kPa.  The  power  load  was  controlled  by  an  elec¬ 
tronic  load  device.  The  voltage,  current,  temperatures,  and 
hydrogen  flow  rate  were  recorded  by  a  DAQ  board  and  monitored  in 
LabView  software.  The  capability  of  this  fully  assembled  stack 
including  the  air-fan,  valve,  controller,  and  housing  was  examined 
in  a  ground  test,  which  indicated  that  the  rated  power  output  was 
210  W  at  an  electric  load  of  10  A  and  stack  voltage  of  21  V.  The 
observed  high  performance,  however,  was  found  to  decrease 
particularly  at  low  temperatures.  To  evaluate  the  feasibility  of  the 
developed  AB-based  H2  generator  as  an  efficient  power  source  for  a 
practical  application,  the  commercial  stack  was  installed  into  the 
developed  H2  generator  and  employed  to  obtain  reproducible  data 
for  flight  tests. 

3.3.  Integration  of  fuel  cell  power-pack  into  the  UAV  and  flight  tests 


3.2.  Development  of  a  lightweight  PEMFC  stack 

To  achieve  a  power-pack  system  fueled  by  alternative  chem¬ 
ical  fuels  (e.g.,  AB)  for  portable  applications,  a  viable  fuel  cell 
system  needs  to  be  developed  along  with  a  H2  generator.  In  this 
context,  a  lightweight  PEMFC  stack  was  also  developed  to  take 
the  maximum  take-off  weight  into  consideration.  In  order  to 
reduce  the  stack  weight,  metal  sheets  were  formed  into 
meandering  bipolar  plates,  and  honeycomb  composites  were 
fabricated  as  end-plates.  A  membrane  electrode  assembly  (MEA) 
was  prepared  by  coating  0.3  mg  cm-2  of  Pt/C  on  both  sides  of  a 
polymer  electrolyte  membrane  (Nafion-112)  using  a  program¬ 
mable  auto-spray  coater.  Carbon  paper  (TGP-H-090,  260  pm)  was 
used  as  a  gas  diffusion  layer  (GDL).  The  border  of  MEAs  was  then 
sealed  by  Teflon  glue.  The  developed  stack  featured  an  air- 
breathing  open-cathode  and  dead-ended  anode  operation.  The 
single  cell  including  MEA  and  bipolar  plate  has 
42.5  x  75.5  x  2.64  mm  in  size.  The  active  area  of  a  single  cell  was 
determined  to  31.5  cm2.  35  cells  were  stacked  to  generate  the 
desired  power  output  of  200  We.  The  weight  of  the  fabricated 
stack  was  380  g,  and  after  being  assembled  with  other  compo¬ 
nents  including  an  air-fan,  anode  purging  valve,  controller,  and 
housing  (Fig.  2),  it  weighed  430  g.  The  stack  controller  was 
programmed  to  control  the  air-fan  and  purging  valve.  The  speed 
of  the  air-fan  was  controlled  according  to  the  stack  temperature, 


To  evaluate  the  performance  of  the  fuel  cell  power-pack,  this 
system  was  integrated  into  a  UAV  platform  and  ground  and  flight 
tests  were  performed.  Following  the  installation  of  the  AB-based 
power  pack  into  a  UAV  (Fig.  4a),  the  assembled  UAV  (Fig.  4b)  was 
initially  operated  manually  under  a  continuous  power  consump¬ 
tion  of  200  We  in  ground  tests  to  examine  the  capability  of  H2 
production  as  a  function  of  time.  The  UAV  was  then  launched  using 
both  the  battery  and  the  fuel  cell,  and  its  flight  motion  was 
controlled  manually  by  a  pilot.  During  cruising,  flight  data  were 
automatically  collected  at  a  ground  control  system  through  RF 
communication  with  the  UAV.  The  results  of  the  flight  test 
including  flight  trajectories,  aircraft  movement  (angles  of  roll  and 
pitch),  altitudes,  and  speeds  of  the  aircraft  are  summarized  in  Fig.  5. 
The  aircraft  trajectory  mainly  reflected  a  circular  shape  with  a 
radius  of  approximately  500  m  with  respect  to  the  ground  control 
system  (Fig.  5a).  The  roll  and  pitch  angles  recorded  during  flight 
were  in  the  range  of  -30°  to  20°  and  -5°  to  10°,  respectively 
(Fig.  5b),  suggesting  that  the  AB-based  power  pack  can  be  applied 
as  a  power  source  in  various  types  of  aircrafts  under  normal  flight 
conditions.  The  UAV  was  mainly  maneuvered  at  an  altitude  of 
200  m  with  a  cruising  speed  of  60  km  h-1  (Fig.  5c).  In  this  flight  test, 
the  AB  pellets  were  found  to  be  continuously  supplied  into  the 
reactor  with  a  feeding  rate  of  ca.  2.5  g  min-1  (30  ea.  min-1)  for  a 


Fig.  2.  The  assembled  PEMFC  stack. 


Fig.  3.  l—V  performance  curve  of  the  developed  PEMFC  stack. 
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Fig.  4.  The  UAV  platform:  (a)  installation  of  the  as-developed  power  pack  into  the  UAV 
and  the  AB  power  pack  (inset)  and  (b)  the  fully-assembled  UAV  before  the  test  flight. 


total  feeding  time  of  57  min.  The  inlet  pressure  of  the  PEMFC  stack 
was  sustained  at  150  kPa  during  the  early  stages  of  the  flight,  and 
for  pressure  higher  than  150  kPa,  a  pressure  relief  valve  was 
designed  to  function.  The  inlet  pressures  of  the  stack  showed  a  bit 
of  fluctuation  as  a  function  of  time,  presumably  because  the 
condensation  of  gaseous  byproducts  (e.g.,  borazine,  b.p.  53  °C  at 
100  kPa)  induced  by  cold  atmosphere  (ca.  4  °C  at  ground)  led  to 
clogging  of  the  pipelines  connected  to  the  pressure  relief  valve.  In 
order  to  prevent  this  problem,  the  current  pipelines  need  to  be 
replaced  by  pipelines  with  an  increased  diameter.  Enhanced  filter 
capacity  for  byproduct  sequestration  could  also  suppress  the 
clogging  issue.  Note  that  the  rate  of  hydrogen  production 
(3.8  L  min-1)  was  always  faster  than  that  of  hydrogen  consumption 
(ca.  2.8  L  min-1)  in  the  PEMFC  stack,  which  indicates  that  the 
considerable  amounts  of  H2  unconsumed  by  the  PEMFC  stack  were 
exhausted  outward,  reducing  the  flight  time  (<1  h)  (Fig.  5c).  The 
flight  time  can  thus  be  increased  by  adjusting  the  AB  feeding  rate 
according  to  the  power  consumption. 

The  evolution  of  power  generated  from  the  fuel  cell  stack  and 
the  auxiliary  battery  is  illustrated  in  Fig.  6.  During  take-off,  the 
electric  motor  abruptly  consumed  ca.  500  We  to  drive  the  propeller 
of  the  UAV  platform.  This  power  was  supplied  by  both  the  auxiliary 
battery  and  the  fuel  cell.  During  cruising  and  maneuvering,  how¬ 
ever,  power  ranging  from  150  to  200  We  within  30  min  was  mainly 
supplied  from  the  fuel  cell  stack.  This  clearly  indicates  that  the 
developed  AB-based  power  pack  continuously  generated  hydrogen 
to  operate  the  UAV  platform  without  failure.  To  examine  the 
capability  of  the  hybridized  PMS  under  different  circumstances,  the 
UAV  was  maneuvered  by  adjusting  the  pitch  and  roll  angles  and  the 
altitudes  between  30  min  and  45  min  (Fig.  5b),  which  afforded 
significant  fluctuation  of  the  power  consumption  (Fig.  6).  It  is 
evident  that  the  fuel  cell  and  battery  in  the  hybridized  PMS  were 


synchronized  to  provide  stable  power  for  cruising  and  maneu¬ 
vering  even  under  these  severe  circumstances.  When  the  fuel  cell 
power  decreased,  the  battery  power  increased,  and  vice  versa. 


3.4.  Hydrogen  purification  system 

The  AB  dehydrogenation  reactions  with  T4EGDE  conducted  at 
an  initial  temperature  of  >120  °C  could  likely  produce  gaseous 
spent  fuels  containing  B=N  bonds  (e.g.,  borazine,  B3N3H6)  as  well 
as  ammonia,  along  with  >2  equiv.  of  H2.  In  situ  FT-IR  spectroscopy 
confirmed  the  formation  of  ammonia  (920  cm-1),  p-aminodiborane 
(1558,  2409,  2589,  and  3481  cm-1),  and  borazine  (1459,  2526,  and 
3481  cm-1)  during  the  H2-release  from  the  mixture  of  AB  and 
T4EGDE  at  120  °C,  and  the  quantities  of  these  byproducts  increased 
with  time  (Fig.  7a,  [16]).  These  byproducts  were  then  trapped  in 
T4EGDE  at  25  °C,  followed  by  additional  characterization  using  11 B 
NMR  spectroscopy.  Consistent  with  the  results  obtained  by  the  FT- 
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Fig.  5.  Results  for  a  flight  test:  (a)  aircraft  trajectory  (the  red  diamond  symbol  repre¬ 
sents  the  position  of  the  ground  control  system;  white  line  represents  trajectory  of  the 
UAV),  (b)  the  evolution  of  the  flight  attitude  (roll  and  pitch),  and  (c)  the  evolution  of 
flight  speed  and  altitude.  (For  interpretation  of  the  references  to  color  in  this  figure 
legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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Fig.  6.  The  evolution  of  power  generated  from  the  fuel  cell  stack  and  the  auxiliary 
battery  (black  line,  fuel  cell;  red  line,  auxiliary  battery).  (For  interpretation  of  the 
references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this 
article.) 


IR  spectroscopic  studies, 11 B  NMR  spectroscopy  indicated  that  the 
signals  centered  at  5  =  -27  ppm  as  well  as  at  5  =  31  ppm  were 
attributed  to  the  formation  of  p-aminodiborane  and  borazine, 
respectively  (Fig.  7b).  These  results  are  in  line  with  the  previous 
reports  regarding  AB  dehydrogenation  with  T4EGDE  16]  or  with 
T3EGDE  (triethylene  glycol  dimethylether)  [28].  Since  these 
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Fig.  7.  Characterization  of  byproducts:  (a)  in  situ  FT-IR  spectra  of  the  gaseous 
byproducts  produced  during  T4EGDE-mediated  thermolyses  and  (b)  11 B  NMR  spec¬ 
trum  of  the  gaseous  byproducts  trapped  in  T4EGDE. 


Fig.  8.  Temperature  profiles  of  the  filter  system  (3M  6006)  measured  at  three  different 
points  (Tl,  T2,  and  T3,  respectively).  The  details  of  filter  system  were  depicted  in  Fig. 
S2.  The  FT-IR  intensities  of  the  produced  borazine  (▼,  1459  cm-1),  p-aminoborane 
(♦,  2589  cm-1),  and  ammonia  (■,  920  cm-1)  were  also  shown  (Taxis  in  the  right  side). 

gaseous  spent  fuels  likely  poison  the  Pt  catalysts  in  a  PEMFC  [29], 
they  should  be  sequestrated  by  a  purification  system  in  the  plat¬ 
form.  The  determination  of  a  usable  filter  capacity  of  the  purifier  as 
a  function  of  time  would  thus  provide  valuable  information.  For 
example,  when  the  filter  capacity  measured  at  a  ground  control 
center  reaches  close  to  its  maximum  value,  then  action  can  be  taken 
(e.g.,  manual  landing). 

In  this  context,  a  real-time  monitoring  system  that  can  deter¬ 
mine  the  remaining  filter  capacity  of  the  purification  system  at  a 
ground  control  center  was  introduced.  In  separate  experiments,  AB 
dehydrogenation  reactions  with  T4EGDE  at  120  °C  were  conducted 
in  a  batch  reactor,  and  prior  to  the  detection  of  byproduct  gases 
using  FT-IR  spectroscopy,  they  were  delivered  into  a  trap  filled  with 
various  kinds  of  solid  materials.  Upon  sequestration  of  the  gaseous 
byproducts  at  the  surface  of  the  filter  materials,  additional  heat  was 
found  to  be  released,  presumably  due  to  the  exothermic  nature  of 
chemical  reactions  between  carbon-based  filter  materials  and 
gaseous  spent-fuels.  The  real-time  monitoring  system  essentially 
detected  the  produced  heat,  thus  measuring  the  temperatures  of 
the  purifier  in  situ  at  three  different  points  (top,  Tl;  middle,  T2; 
bottom,  T3;  Fig.  S2).  Note  that  Tl,  T2,  and  T3  determined  the 
temperatures  of  gases,  the  interface  of  gases-solid  filter  material, 
and  solid  filter  material,  respectively.  The  temperature  profiles 
shown  in  Fig.  8  indicate  that  the  temperature  of  gaseous  byprod¬ 
ucts  (Tl )  kept  constant  while  T2  and  T3  varied  with  time.  The  T2 


(1)  (2)  (3)  (4)  (5)  (6)  (7)  (8)  (9)  (10) 


Fig.  9.  Screening  results  for  hydrogen  purification  methods  based  on  FT-IR  analyses  of 
the  release  gases  during  T4EGDE-mediated  thermolyses  of  AB  at  120  °C  with  different 
filtration  methods.  AB  =  0.18  g  min-1,  T4EGDE  =  25  g:  (1)  3M  6006,  (2)  3M  6004,  (3) 
3M  6001,  (4)  3M  (6001  +  6006),  (5)  a  MOF,  (6)  3M  6006  +  silica  gel,  (7)  carbon  paper, 
(8)  grinded  3M  6006,  (9)  3M  (6001  +  6006)  +  cooling,  and  (10)  pre-dried  3M 
(6001  +  6006)  +  cooling. 
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Fig.  10.  Screening  results  for  hydrogen  purification  methods:  (a)  FT-IR  analyses  of  the 
release  gases  during  T4EGDE- mediated  thermolyses  of  AB  at  120  °C  with  or  without 
different  filtration  methods.  AB  =  0.18  g  min-1,  T4EGDE  =  25  g,  Starting 
temperature  =  120  °C,  and  (b)  the  determined  filter  capacities. 

temperature  increased  slightly  after  12  min  to  reach  a  maximum  of 
40  °C  and  was  maintained  until  ca.  20  min.  Considering  that  the 
process  of  byproduct  removal  was  exothermic  but  the  produced 
heat  was  radiated  spatially,  this  result  is  presumably  due  to  the 
thermal  equilibrium  at  the  interface  between  gases  and  solid 


absorbents.  The  temperature  (T2)  then  decreased  slightly  after 
20  min  simultaneously  along  with  rapidly  increasing  the  T3  tem¬ 
perature.  When  the  undesired  gases  were  successively  penetrated 
into  the  filter,  the  absorbent  located  at  the  bottom  began  to  be 
deactivated,  ultimately  exceeding  its  filter  capacity.  Consistent  with 
this  explanation,  the  FT-IR  spectroscopy  revealed  that  the  unre¬ 
moved  borazine,  p-aminodiborane,  and  ammonia  appeared  at 
25  min  (Fig.  8).  The  filter  materials  were  also  found  to  release  tiny 
amounts  of  carbon  dioxide  and  water.  Following  initial  heat  treat¬ 
ment  of  the  carbon-based  materials  at  120  °C  for  2—3  h  under 
dynamic  vacuum,  reduced  quantities  of  the  byproducts,  CO2,  and 
H20  were  released,  suggesting  that  the  produced  C02  and  H20 
molecules  may  be  attributed  to  physisorbed  species.  Other  solid 
filter  materials  were  further  screened,  and  it  was  found  that  the 
combination  of  3M  6001  and  6006  possessed  higher  filter  capacity 
than  other  solid  materials,  as  summarized  in  Fig.  9. 

In  this  flight  test,  based  on  the  experimental  results  describe 
above,  an  external  purification  system  containing  mixed,  activated 
carbons  (3M  6001  and  6006)  was  employed  and  further  demon¬ 
strated  to  remove  the  produced  borazine,  p-aminodiborane,  and 
ammonia,  which  allowed  the  UAV  platform  to  operate  for  57  min. 
For  a  long-term  UAV  application  with  high  efficiency,  however,  the 
purification  capacity  of  the  filter  system  in  the  developed  hydrogen 
generator  needs  to  be  improved.  An  in  situ  monitoring  system  was 
employed  to  screen  efficient  methods  for  improving  the  filter  ca¬ 
pacity  of  activated  carbon.  Since  the  produced  boron  containing 
byproducts  can  readily  be  hydrolyzed  by  acid,  the  filter  material  (a 
heterogeneous  mixture  of  3M  6001  and  6006)  was  initially  treated 
with  sulfuric  acid  (8.9  M)  for  12  h  at  80  °C,  followed  by  evaluation  of 
its  filter  capacity  using  FT-IR  spectroscopy.  No  trap  (trap  1)  was  also 
employed  for  comparison.  Compared  to  the  original  carbon-based 
materials  (trap  2),  the  acid-treated  activated  carbon  (trap  3) 
showed  an  increased  filter  capacity  by  3%,  as  evidenced  by  the 
delayed  appearance  of  borazine  from  32  min  to  33  min  (Fig.  10a). 
T4EGDE  was  further  considered  as  a  potential  filtering  agent,  with 
an  assumption  that  the  liquid  T4EGDE  promoter  used  for  AB 
dehydrogenation  can  be  recycled.  To  validate  this  hypothesis,  the 
capacities  of  combined  filter  systems  using  T4EGDE  were  examined 
(traps  4  and  5,  Fig.  S2).  Compared  to  the  capacity  of  trap  2,  they 
were  significantly  increased  (Fig.  10a).  For  example,  more  than  75% 
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Fig.  11.  The  proposed  fuel  cell  system  powered  by  AB  for  the  prolonged  operation. 
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of  the  gaseous  byproducts  were  sequestrated  using  activated  car¬ 
bon,  followed  by  the  T4EGDE  trap  that  possessed  a  glass  pipe  with 
an  inner  radius  of  1.6  mm  (trap  4).  Notably,  upon  utilization  of  a 
glass  pipe  with  an  inner  radius  of  0.6  mm  for  the  T4EGDE  system 
(trap  5),  this  capacity  was  found  to  be  further  enhanced  by  96%  with 
respect  to  trap  2,  which  was  employed  in  the  UAV  platform.  The 
calculated  filter  capacities  of  the  traps  described  above  are 
compared  in  Fig.  10b.  These  results  strongly  suggest  that  the  weight 
of  the  platform  can  be  reduced  by  developing  an  improved  purifi¬ 
cation  system  using  T4EGDE. 

4.  Conclusions 

A  novel  AB-based  H2  generator  has  been  created,  and  its  ability 
to  continuously  operate  a  PEMFC  at  a  rated  power  of  200  We  was 
demonstrated  for  an  UAV  application.  In  this  system,  the  T4EGDE- 
mediated  AB  dehydrogenation  was  employed  to  achieve  the  tar¬ 
geted  flow  rate  of  3.3  L(H2)  min-1,  and  the  waste  heat  produced 
during  AB  hydrogenation  was  recycled  for  the  autothermal  opera¬ 
tion  of  the  UAV  platform.  The  total  duration  time  for  H2  production 
including  the  processes  for  pre-heating,  take-off,  cruising  and 
maneuvering,  and  taxiing  was  close  to  1  h.  In  addition,  a  real-time 
monitoring  system  for  the  determination  of  the  remaining  filter 
capacity  was  introduced  and  applied  to  the  platform.  Based  on  this 
in  situ  monitoring  procedure,  other  potential  methods  for 
enhancing  the  filter  capacity  of  the  purification  system  were 
screened.  It  was  demonstrated  that  the  use  of  T4EGDE  as  an  addi¬ 
tional  trap  along  with  the  activated  carbon  materials  particularly 
increased  the  sequestration  capability  of  the  H2  purification  system. 

Based  on  the  results,  an  advanced  reactor  concept  for  long-term 
applications  has  been  suggested,  as  shown  in  Fig.  11.  In  this  concept, 
a  storage  tank  for  the  liquid  promoter  is  positioned  separately  from 
the  reactor  and  continuously  supplies  T4EGDE.  In  parallel,  the  AB 
pellets  are  fed  from  the  AB  storage  tank.  The  gaseous  byproducts 
produced  may  initially  be  bubbling  through  the  T4EGDE  tank,  fol¬ 
lowed  by  removal  at  a  physical  trap  filled  with  a  mixture  of  acti¬ 
vated  carbon,  according  to  the  preliminary  results  shown  in  Fig.  10. 
To  prevent  backflow  of  the  partially  vaporized  liquid  promoter  (e.g., 
T4EGDE)  and  gaseous  byproducts  from  the  reactor  during  dehy¬ 
drogenation,  parts  of  the  purified  hydrogen  may  be  recycled  into 
the  AB  storage  tank  23].  As  a  result,  a  lightweight  H2  generator 
with  high  filter  capacity  can  be  realized  for  long-term  applications. 

Optimization  for  the  discharging  of  liquid/solid  spent  fuels  is 
still  necessary.  In  general,  waste  fuels  were  solidified  as  dehydro¬ 
genation  proceeded,  which  could  not  only  influence  the  rates  of  H2 
release,  but  also  cause  potential  clogging  problems  upon  ventila¬ 
tion  of  the  spent  fuels.  It  was  recently  found  that  T3EGDE  (tri¬ 
ethylene  glycol  dimethylether)  could  enhance  the  fluidity  of  the 
liquid/solid  spent  fuels  produced  during  dehydrogenation,  and 
further  studies  are  being  conducted  to  resolve  this  issue.  With  these 
strategies,  an  improved  fuel  cell  system  with  high  specific  energy 
could  be  achieved,  and  could  be  further  applied  to  a  number  of 
medium  or  large-scale  applications. 
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